The right and the left ventricle are interdependent as both structures are nested within the pericardium, have the septum in common and are encircled with common myocardial fibres. Therefore, right ventricular volume or pressure overloading affects left ventricular function, and this in turn may affect the right ventricle. In normal subjects at rest, right ventricular function has negligible interaction with left ventricular function. However, the right ventricle contributes significantly to the normal cardiac output response to exercise. In patients with right ventricular volume overload without pulmonary hypertension, left ventricular diastolic compliance is decreased and ejection fraction depressed but without intrinsic alteration in contractility. In patients with right ventricular pressure overload, left ventricular compliance is decreased with initial preservation of left ventricular ejection fraction, but with eventual left ventricular atrophic remodelling and altered systolic function. Breathing affects ventricular interdependence, in healthy subjects during exercise and in patients with lung diseases and altered respiratory system mechanics. Inspiration increases right ventricular volumes and decreases left ventricular volumes. Expiration decreases both right and left ventricular volumes. The presence of an intact pericardium enhances ventricular diastolic interdependence but has negligible effect on ventricular systolic interdependence. On the other hand, systolic interdependence is enhanced by a stiff right ventricular free wall, and decreased by a stiff septum. Recent imaging studies have shown that both diastolic and systolic ventricular interactions are negatively affected by right ventricular regional inhomogeneity and prolongation of contraction, which occur along with an increase in pulmonary artery pressure. The clinical relevance of these observations is being explored.
Introduction
The right and the left ventricle are interdependent 1 as both structures are nested within the pericardium, 2 have the septum in common and are encircled with common myocardial fibres. 3 This is illustrated by a diffusion tensor magnetic resonance image showing how myocardial fibres cross from the parietal walls of the left ventricle to the right ventricle and intrude from the epicardium to endocardium ( Figure 1) . The notion of ventricular interdependence is not new. In 1910, Bernheim reported on 10 patients with systemic congestion, in whom necropsy disclosed left ventricular hypertrophy with bulging of the septum into the right ventricular cavity. 4 Bernheim postulated that left ventricular hypertrophy would compress the right ventricle (which he called 'stenosis') resulting in increased central venous pressure and systemic congestion. This was subsequently referred to as the 'Bernheim syndrome', or 'Bernheim effect' to define a syndrome of systemic congestion without pulmonary congestion in diastolic left heart failure. The notion has been controversial, as an isolated diastolic failure of the right ventricle is indeed an uncommon cause of right heart failure phenotype in patients with left heart failure. 5 As soon as in 1914, Henderson and Prince reported that volume and pressure loading of one ventricle depressed function and flow output of the contralateral ventricle in an isolated cat heart preparation. 6 The authors demonstrated that ventricular interdependence occurs without pericardial constraint or influence of respiratory mechanics or neurohumoral activation, 6 underscoring the importance of myocardial crosstalk as later-on acknowledged. 1 predominantly left heart failure. He thought that this was most likely explained by the co-existence of a hypo-plastic left ventricle due to continuous under-filling because of diversion of venous return to the left heart into the shunted flow, and a leftward septal bulging due to right ventricular dilatation, which he called a 'reverse Bernheim syndrome'. Ventricular interdependence has been an area of intensive investigation for many decades. This has produced numerous studies of admirable levels of sophistication, but with redundancies and sometimes contradictions. 1, 8, 9 The purpose of this review is to re-examine ventricular interdependence with focus on the right ventricle as a modulator of left ventricular function in health and disease. A historical/chronological perspective will be taken to show how clinically relevant basic principles have emerged, but also how some discrepancies persist and areas remain open for further investigations.
Diastolic interdependence
Diastolic interdependence can be defined as by the direct relationship between the change in volume of a ventricle and the diastolic compliance, or 'lusitropy' of the other ventricle. The concept of diastolic interdependence is illustrated in Figure 2 . Thus ventricular dilatation shifts diastolic pressure-volume curve of the other ventricle toward higher, and ventricular shrinking shifts the diastolic pressure-volume curve of the other ventricle to lower pressures.
Experimental animal studies
Diastolic interdependence was extensively explored in experimental animal studies in the 1960s and 1970s.
Taquini et al. showed in anesthetized dogs that progressive pulmonary arterial constriction resulted in decreased cardiac output and blood pressure, and increased size of the heart and diastolic pressures of both ventricles. 10 Moulopoulos et al. manipulated right ventricular volumes in dogs with surgical sympathectomy and controlled blood pressure and cardiac output by use of either a by-pass, to empty the right ventricle, or pulmonary arterial constriction, to dilate the right ventricle. 11 Both maneuvers shifted left ventricular function curves, or stroke work as a function of end-diastolic pressure to the right, suggesting a combination of negative inotropic and lusitropic effects The authors explained these observations by 'impaired activity of the muscular bundles encircling both ventricles', thus by a direct myocardial cross-talk, independent of neuro-humoral activation or pericardial constraints. Laks et al. used a model of immediate post mortem perfused canine hearts to demonstrate that end-diastolic pressures were always lower in the right ventricle than in the left ventricle over a wide range of volumes. 12 They also showed that volumes accepted by the ventricles during a simultaneous biventricular infusion are significantly less than the volumes determined with infusion into one ventricle alone. This difference was attributed to a passive septal shift.
A series of subsequent studies on various experimental animal preparations controlling for cardiac output, heart rate, aortic pressure and systemic reflexes confirmed that the right ventricle is normally more distensible in diastole than the left ventricle, and that right ventricular dilatation increases left ventricular diastolic elastance. [13] [14] [15] [16] To assess the relevance of diastolic interdependence, Maughan et al. used an isolated cross-circulating ejecting canine heart preparation to generate families of pressure-volume loops, and showed that right ventricular volume had to be increased considerably above normal affect left ventricular function, and that this effect was largely dependent on the presence of an intact pericardium. 17 Robotham and Mitzner used a bypassed heart-lung preparation to show that an increase in left ventricular afterload caused by a major decrease in pleural pressure increases left ventricular end-diastolic pressure, and that this effect was enhanced when right ventricular volume was increased but attenuated after pericardiectomy. 18 Quantification of the impact of pericardial constraint on ventricular interdependence has been explored in various experimental models controlling for all possible confounding variables [19] [20] [21] [22] and mathematical elaborations. 23 All these studies confirmed that diastolic ventricular interdependence occurs without pericardium, but is much stronger when the pericardium is intact.
Clinical studies
Clinical studies supporting the notion of ventricular diastolic interdependence appeared with the introduction of echocardiographic imaging in the 1970s. Weyman et al. reported on parasternal short axis views in patients with right ventricular volume overload due to atrial septal defect, isolated tricuspid insufficiency or pulmonary insufficiency. 24 In all these patients, the shape of the septum was altered, from flattening to reversal of normal curvature. Interestingly, during systole, the left ventricle and the septum returned (paradoxically) to their normal relatively circular configuration.
Brinker et al. explored the effects of a forced inspiration against a closed airway (the Müller maneuver) to increase systemic venous return to the right heart in healthy volunteers. 25 Right ventricular dimensions increased, left ventricular dimensions decreased and the septum 18, 26 Accordingly, the results were explained by pooling of blood in the pulmonary circulation, and by predominant effect of increased right ventricular dimensions on left ventricular filling. 25 As all these experiments confirmed a septal shift and a decrease in left ventricular diastolic compliance caused by right ventricular volume overload, Ludbrook et al. thought of investigating the opposite, ie a decrease in right ventricular volume. 27 For this purpose, these authors compared the effects of intravenous nitroglycerin (to decrease venous return and blood pressure) with those of amyl nitrite (to decrease blood pressure only) in patients with coronary artery disease but compensated hearts scheduled for cardiac catheterization. Nitroglycerin intake but not amyl nitrite shifted left ventricular diastolic pressure-volume relationships to lower pressures, which was attributed to decreased right ventricular filling pressures as blood pressure decreased to the same extent with the intake of both drugs. More recently Kasner et al. reported on left ventricular pressurevolume relationships obtained by conductance catheterization in patients with either mild idiopathic pulmonary arterial hypertension or isolated left ventricular diastolic dysfunction when compared with controls. 28 All the patients had preserved left ventricular ejection fraction but increased diastolic stiffness. Pacing at 120 beats/min decreased stroke volume and failed to increase cardiac output in all the patients. Temporary preload reduction during inferior vena cava occlusion increased left ventricular volume with a drop in end-diastolic pressure and an increase in cardiac output in the patients with pulmonary hypertension, but not in the patients with isolated diastolic dysfunction or in control subjects. The authors concluded that mild pulmonary hypertension impairs left ventricular diastolic compliance and contributes to reduced cardiac performance at stress. Thus left ventricular diastolic compliance decreases in the presence of an increased right ventricular volume, either acutely by a decrease in intra-thoracic pressure or chronically in pulmonary hypertension, leftto-right shunting, tricuspid insufficiency. The opposite has also been shown, in more complex experiments involving ventricular bypass systems or pharmacological manipulations. The effects of right ventricular volume on left ventricular diastolic compliance are amplified when the pericardium is intact. 
Systolic interdependence
Systolic interdependence can be defined by the contribution of ventricular contractility to the contractility of the other ventricle.
The normal right ventricle is a thin-walled volume pump, and one would therefore expect little contribution of it to left ventricular function in conditions of normal low or moderately increased peripheral metabolic demand, thus normal or only slightly increased cardiac output.
In 1943, Starr et al. ablated right ventricular free wall in dogs by cauterization with a hot iron and then by ligation of the right coronary artery, and did not observe any change in systemic venous pressure. 29 A few years later Donald and Essex reported on preserved exercise capacity in dogs after surgical destruction of the right ventricle free wall. 30 Subsequent work by pioneering physiologists and surgeons demonstrated that a single ventricle could support both the pulmonary and systemic circulations under 'appropriate circumstances'. 31 Accordingly, in 1971, Fontan and Baudet introduced the first cavo-pulmonary anastomosis bypassing the right ventricle as a palliative intervention for single ventricle congenital heart disease. 32 It was subsequently shown that patients with the so-called 'Fontan circulation' may enjoy a near-normal sedentary life for several decades, but rapidly deteriorate in case of increased pulmonary artery pressure, for example with altitude exposure or when left ventricular filling pressure increases. 33 In patients with a Fontan circulation, venous return to the left heart is driven entirely by mean systemic filling pressure, which is normally around 10 mmHg. 34 The driving pressure for systemic venous return is the difference between mean systemic filling and right atrial pressures. Therefore, right atrial pressure is ideally equal to zero with respect to atmospheric pressure, corresponding to minus 3-4 mmHg trans-mural. As long as venous resistance is very low, this small driving pressure propels the entire cardiac output to the right heart, and in case of a Fontan circulation, through the pulmonary circulation to the left heart. Therefore, pulmonary vascular resistance has to be very low, and only slight increases in systemic filling pressure (by some fluid retention and/ or sympathetic nervous activation) ensure sufficient preloading of the left ventricle at rest or during moderate exercise. Exercise capacity in young patients with Fontan physiology is actually sub-normal, with a stroke volume reserve being almost exclusively responsible of a 30-40% decrease in maximum oxygen uptake when compared with healthy controls. 35 This gives a measure of the contribution of right ventricular pump function to maximum cardiac output.
The magnitude of ventricular systolic interaction has been determined using electrically isolated right heart preparations, which allow for a range of intervals between right ventricular and left ventricular contractions. 36 Analysis of so generated ventricular pressure curves showed that for left ventricular pressure, the left ventricular component is much larger than the right ventricular component (93% vs. 7%, respectively) and for right ventricular pressure the left ventricular component is larger than the right ventricular component (64% vs. 37%, respectively). In a similar preparation, asystole of the right ventricle but with right ventricular dilatation and septal shift decreased stroke volume and left ventricular systolic pressure by 20%. 37 Impaired left ventricular filling and decreased stroke volume in these experiments explained the relatively large contribution of right ventricular systolic function to left ventricular systolic pressure.
Yamaguchi et al. quantified systolic interdependence by measurements of instantaneous cross-talk gains during ventricular pressure changes caused by sudden release of aortic or pulmonary arterial constriction. 38 The potential systolic pressure generated by the contralateral ventricle was evaluated as cross-talk gain multiplied by the contralateral systolic developed pressure. The pressure coupling was greater in right to left (0.25) than in left to right (0.09) ventricular interaction. The authors calculated that 20-40% of right ventricular systolic pressure results from left ventricular contraction and that 4-10% of LV systolic pressure results from right ventricular contraction.
Ventricular systolic interdependence is affected by septal and free wall compliance. A compliant septum in overpacing-induced dilated cardiomyopathy in pigs increased systolic interdependence. 39 A stiff septum decreased the systolic gain between the two ventricles in dogs with left ventricular hypertrophy. 40 Changes in ventricular free wall compliance has opposite effects. This has been shown in experimental animal models in which right ventricular free wall stiffness was artificially altered by pharmacological 41 or mechanical 42 interventions.
Although the pericardium accentuates diastolic ventricular interdependence, it does not appear to be as important for systolic interdependence. In the porcine dilated tachy-cardiomyopathy model, when the pericardium was opened, diastolic interaction gain between the right ventricle and the left ventricle was significantly reduced, in both normal and congestive heart failure pigs, but systolic interaction gain showed no change. 39 A single left ventricular isovolumic contraction increased right ventricular stroke volume and peak systolic pressure in dogs with normal or increased right ventricular volume and with or without intact pericardium. 43 Thus systolic ventricular interaction has been confirmed in many experimental models, and is such that 20-40% of right ventricular systolic pressure results from left ventricular contraction and 4-10% of left ventricular systolic pressure results from right ventricular contraction. This interaction is decreased by a stiff septum, increased by stiff ventricular free walls, and is not dependent on an intact pericardium.
Volume vs. pressure overload of the right ventricle
Volume overload of the right ventricle with no or minimal change in pressure is basically associated with a preserved ejection fraction, while both end-diastolic volume and ejection fraction of the left ventricle are decreased. 44 , 45 Urabe et al. showed in a feline model of bi-ventricular volume overload induced by a systemic arterio-venous shunt that both the right ventricle and the left ventricle were dilated and hypertrophied, but that in vitro contractile properties of cardiomyocytes from both ventricles were not different from normal controls. 46 Accordingly, direct mechanical effects have been invoked to explain decreased left ventricular ejection fraction in right ventricular volume overload. Weyman thought that the sequence of flattened or inverted convexity of the septum during diastole, with septal paradox, or more or less return to normal during systole could decrease the efficiency of left ventricular contraction. 24 The septal paradox during systole could also contribute to preserve right ventricular ejection fraction in volume-overloaded patients.
Pressure overload of the right ventricle such as in acute pulmonary vasoconstriction or embolism in experimental animals has been shown to be associated with increased right ventricular dimensions and decreased ejection fraction, while left ventricular volumes decreased but ejection fraction tended to be preserved. 47 Differential effects of pressure and volume overload of the right ventricle have been confirmed by echocardiographic studies in patients with pulmonary arterial hypertension and isolated tricuspid regurgitation,
respectively. 48, 49 Preserved left ventricular ejection fraction in right ventricular pressure overload and decreased left ventricular ejection fraction in right ventricular volume overload may be mainly explained by the time-course of leftward ventricular septal shift. This is illustrated in Figures 3 and 4 .
An additional determinant of preserved left ventricular ejection fraction in severe pulmonary hypertension may be an increased contribution of right ventricular contraction to left ventricular systolic function. Pulmonary hypertension is basically associated with an increase in right ventricular contractility which occurs even before the hypertrophic adaptation, allowing for a preserved stroke volume and unchanged or only moderately increased right ventricular dimensions by matching endsystolic to arterial elastances. 50, 51 When this systolic function adaptation becomes insufficient, in context of too rapid increase in pulmonary artery pressure or long-standing pulmonary hypertension, right ventricular-arterial coupling deteriorates and the right ventricle enlarges. But even at that point, systolic function of the afterloaded right ventricle remains increased compared to normal until the most advanced stages of the disease. The positive influence of right ventricular contractility on left ventricular contraction has been reported in conscious dogs in which ventricular pressures and volumes were varied by inflation of implanted vena caval and pulmonary arterial occluders. 52 On the other hand, loss of positive systolic interdependence explained right ventriculo-arterial uncoupling in dilated cardiomyopathy with only mildly elevated pulmonary artery pressures. 53 Belenkie et al. used ultrasonic crystals to measure ventricular dimensions during severe pulmonary arterial constriction with or without 
addition of aortic constriction. 54 As illustrated in Figure 5 , addition of aortic constriction reverted right ventricular dimensions to baseline with higher systolic pressure. In these experiments, right coronary artery pressure and flow were controlled. During either pulmonary arterial constriction alone or in combination with aortic constriction, an increase in right coronary artery flow did not affect right ventricular function. The early studies on right ventricular failure in pulmonary hypertension had suggested that right ventricular systolic pressure is mainly determined by myocardial perfusion pressure, or coronary driving pressure measured by a difference between diastolic systemic blood pressure and right atrial pressure. Accordingly, there were thus reports of recovery from right ventricular failure by increasing coronary driving pressure either by aortic constriction or administration of vasopressors. [55] [56] [57] [58] The right ventricular myocardium has been shown to be under-perfused in severe pulmonary hypertension 59 and right ventricular ischemia may occur in these patients. 60 While ventricular systolic interdependence is observed at constant coronary flow, 52, 54 it may be markedly altered by a sufficient coronary driving pressure. Acute severe right heart failure can be rapidly improved by an increase in systemic blood pressure.
50,58
Thus, as summarized in Figure 6 , volume overload is basically associated with a maintained right ventricular ejection fraction but a decreased left ventricular ejection fraction, while pressure overload is associated with a decreased right ventricular ejection fraction but a maintained left ventricular ejection fraction. However, these differential effects are modulated by systolic function adaptation of the right ventricle to increased pre-and after-loading and eventual systolic function adaptation of the left ventricle to decreased pre-loading.
Asynchrony and regional inhomogeneity of right ventricular contraction
Increased afterload prolongs myocardial contraction. 61 An increase in pulmonary artery pressure is associated with a prolonged right ventricular contraction which results in post-systolic shortening, or asynchrony measured by cardiac magnetic resonance, tissue Doppler imaging or Ventricular interdependence speckle tracking echocardiography. [62] [63] [64] [65] Pulmonary hypertension is also associated with a marked regional inhomogeneity of right ventricular contraction, or dyssynchrony. [66] [67] [68] [69] [70] [71] Regional inhomogeneity of right ventricular contraction is quantified by a standard deviation of the means of times to peak longitudinal strain measurement of segments of interest defined by 2D or 3D speckle tracking echocardiography. 68, 69 The notions of asynchrony and dyssynchrony of ventricular contraction are illustrated in Figure 7 . Regional inhomogeneity of right ventricular contraction has been shown to be of functional and prognostic relevance in patients with pulmonary hypertension. 68, 69 However, some degree of right ventricular dyssynchrony may already be observed in borderline pulmonary hypertension. 71 Ventricular asynchrony can be corrected by right ventricular pacing. This was shown by Handoko et al. in in rats with monocrotaline-induced pulmonary hypertension and right heart failure 72 and confirmed by
Hardizyenka et al. in a small series of 14 patients with chronic thromboembolic pulmonary hypertension with large right ventricle to left ventricle delays in the onset of diastolic relaxation. 73 Correction of ventricular asynchrony increased left ventricular diastolic filling, stroke volume, and right ventricular contractility. Asynchrony and inhomogeneous right ventricular contraction alter diastolic ventricular interdependence, and may be a cause of altered left ventricular systolic function. This is also illustrated in Figure 6 .
Atrophic remodelling of the left ventricle
Dexter had evoked a reverse Berheim syndrome to explain the occurrence of hypoplastic left heart failure in patients with atrial septal defects. 7 Recent experimental animal and clinical imaging studies have confirmed that atrophic remodelling of the left ventricle may be a complication of severe pulmonary hypertension.
Barr et al. surmized that small sizes of the heart typically see on chest X-rays of patients with severe emphysema could be related to under-filling and altered geometry of the left ventricle caused by right ventricular enlargement, 74 even though in these patients the relative contributions of right heart failure and disturbed lung mechanics remain incompletely understood. 75 Hardziyenka et al. measured left ventricular mass using cardiac magnetic resonance imaging in patients with chronic thrombo-embolic pulmonary hypertension combined and in rats with monocrotaline-induced pulmonary hypertension. 76 The patients had a decreased left ventricular free wall mass, which was particularly pronounced when right heart failure was present. After pulmonary endarterectomy, left ventricular free wall mass increased as right ventricular ejection fraction improved. Rats with right heart failure also had a reduced left ventricular free wall mass. Analysis of myocardial tissue from these animals showed smaller left ventricular free wall myocytes with increased expression of atrial natriuretic peptide and decreased expression of a-myosin heavy chain (a-MHC) and sarcoplasmic reticulum calcium ATPase-2. (SERCA-2). However, decreased expressions of a-MHC and SERCA-2 were even more prominent in right ventricular myocardial tissue.
Illustrative cardiac magnetic resonances of a patient with chronic thrombo-embolic pulmonary hypertension before and after pulmonary endarterectomy are shown in Figure 8 .
It has been shown experimentally that cardiac myocyte mass increases with loading and decreases with unloading. 77, 78 Decreased cardiomyocyte mass with unloading has been shown to be associated with decreased expressions of genes involved in myocardial metabolism and function, including those encoding for a-MHC and SERCA-2, interestingly without relationship to neuro-humoral activation. [77] [78] [79] [80] However, expressions of a-MHC and SERCA-2 were even more markedly decreased in failing hypertrophic right ventricles. 76 Hardziyenka et al. went on with electrophysiological studies in the same experimental and clinical models. 81 The right ventricle and, to a lesser extent the left ventricle of the rats with monocrotaline-induced pulmonary hypertension had longer action potentials and effective refractory periods, and slower longitudinal conduction velocities. The right ventricle and, to a lesser extent the left ventricle of pulmonary hypertensive also exhibited effective refractory period prolongation and conduction slowing. These results are in keeping with previous report of similar electrophysiological changes in left ventricular failure hypertrophy and show persistence after left heart unloading. 82 It is remarkable that left ventricular electrophysiological changes in patients with right heart failure reproduced but to a lesser extent altered right ventricular electrophysiology. This is related to the fact that the right and the left ventricle have the septum in common and are encircled by common myocardial fibres. Hypotrophic remodelling of the left ventricle is reversible. This has been shown by computed tomography and magnetic resonance imaging after lung transplantation in patients with severe emphysema 83 and after successful pulmonary endarterectomy. 76, 84 Is hypotrophic remodelling of the left ventricle associated with a depressed systolic function? As already discussed left ventricular ejection fraction is typically preserved in right ventricular pressure overload without failure. 27, 28, 49 However, several studies have reported on a decrease in left ventricular ejection fraction in patients with severe pulmonary hypertension. 76, 81, [83] [84] [85] [86] [87] [88] This decrease in left ventricular ejection fraction was generally modest, and reversible after lung transplantation 83, 85 or after pulmonary endarterectomy 87 Manders et al. showed that left ventricular cardiomyocytes from biopsies at transplantation of patients with 90 Whether left ventricular atrophic remodelling in severe pulmonary hypertension is inevitably associated to a depressed systolic function and how this can be best evaluated is not entirely clear. The biology of left ventricular atrophic remodelling remains incompletely understood. However, it is a feature of advanced right heart failure and may explain the occurrence of acute left heart failure after lung transplantation. 92, 93 
Ventricular interdependence and exercise
Ventricular interdependence plays a role in so-called exercise-induced cardiac fatigue defined as a depression of systolic and diastolic function of the heart, which may occur after strenuous exercise. 94 A number of mechanisms have been invoked to explain exercise-induced cardiac fatigue, including b-adrenergic receptor desensitization, oxidative stress, and impaired calcium metabolism, but none have of them has been proved to be satisfactory. 94 Most recently it has been hypothesized that exercise-induced cardiac fatigue might be predominantly right ventricular because of the disproportionate increase in its wall stress. 95 Pulmonary artery pressure increases as a function of cardiac output which increases during exercise in response to increased oxygen uptake. However, this response is variable, with a six-fold natural variation in slope of pulmonary artery pressure-flow relationships, from 0.5 to 3 mmHg/L/ min in healthy subjects. 96 Subjects with a shallow slope of pulmonary vascular pressure-flow relationships have a more distensible pulmonary circulation, a higher maximum cardiac output and oxygen uptake, and a lower pulmonary vascular resistance during exercise. 97 Thus athletes with a naturally steep pulmonary artery pressure-flow relationship are exposed to marked in in pulmonary artery pressure at high levels of exercise, exposing the thin-walled right ventricle to a considerable increase in afterload. La Gerche et al. explored right ventricular function using cardiac magnetic resonance and echocardiography combined with measurements of cardiac troponin and B-type natriuretic peptide in athletes after 3-11 h endurance race. 98 After the race, right ventricular volumes were increased with depressed measurements of function, whereas left ventricular volumes were reduced but function was preserved. B-type natriuretic peptide and cardiac troponin were increased after the race and correlated with reductions in right ventricular but not left ventricular ejection fraction. Right ventricular ejection fraction decreased with increasing race 
98-100
Given the generally low pulmonary vascular resistance, strenuous exercise would be considered as a cause of right ventricular volume overload, yet with preserved left ventricular ejection fraction. This latter may be explained by exercise-associated sympathetic nervous system activation. Claessen et al. reported cardiac magnetic resonance imaging at rest and but also during an additional exercise challenge in endurance athletes before (baseline) and immediately after a 150-km cycling event. 101 After the cycling race right ventricular end-diastolic volume was unchanged from baseline at rest but was significantly increased during near-maximal exercise. Resting right ventricular end-systolic volume was higher after the race, and increased further during exercise, indirectly suggesting altered contractility. Right ventricular ejection fraction although unchanged at rest, was significantly decreased during near-maximal exercise. Left ventricular volume measures were similar at baseline and after the race. Since right ventricular ejection fraction was decreased but left ventricular ejection was maintained, the authors also calculated ratios of stroke volume to end-systolic volume. This ratio introduced by Sanz et al. as a simple imaging measure of right ventriculo-arterial coupling, 102 which theoretically may be more sensitive than ejection fraction to mild changes in ventricular function. 103 The right ventricular ratio of stroke volume to end-systolic volume was depressed for the right ventricle, not the left ventricle. The authors concluded that strenuous exercise may be associated with an impairment of right ventricular function but that, in spite to an obvious leftward septal shift and decreased left ventricular volume, left ventricular function remains unchanged compared to resting baseline. Claessen et al. also used cardiac magnetic resonance to revisit the effects of intra-thoracic pressure changes during exercise. 104 During a
Muller maneuver at rest, right ventricular volumes increased but left ventricular volumes decreased, while both decreased during a Valsalva maneuver. This is in agreement with previous report. 35 Exercise did not influence the effects of Müller or Valsalva maneuvers on ventricular volumes. 104 
General conclusions
The right ventricle modulates left ventricular structure and function through diastolic and systolic interdependence in conditions of pressure and/or volume overload, and may be in turn affected by the induced changes in the left ventricle. In healthy subjects, these interactions appear to matter only during exercise, as the right ventricle contributes to the cardiac output response to increased oxygen uptake. In patients with volume and/or pressure overload of the right ventricle, these interactions result in left ventricular diastolic stiffening, altered contractility and eventual atrophic remodelling. Increased pulmonary artery pressure is a cause of prolonged and inhomogeneous right ventricular contraction and associated negative ventricular interaction.
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